Phosphate glass samples doped with silver ions through a Na þ -Ag þ ion-exchange process were treated in a hydrogen atmosphere at temperatures near 430 C for durations ranging from 4 to 5 h. Such treatment causes metallic silver precipitation at the surface as well as nanoclustering of silver atoms under the surface under conditions very similar to those used for silicate glasses. The presence of silver clusters resulted in a characteristic coloring of the glass and was verified by the observation of a plasmon resonance peak near 410-420 nm in the absorption spectra. Applying a DC voltage between 1.4 and 2 kV at temperatures between 120 and 130 C led to dissolution of the clusters in the area under the positive electrode, thereby bleaching the glass color. The use of a patterned doped-silicon electrode further led to the formation of a 300 nm thick surface relief on the glass surface and of a volume complex permittivity grating extending at least 4 lm under the surface. Such volume complex refractive index gratings may find applications in passive or active (laser) photonic devices in rare-earth doped phosphate glasses, where conventional bulk grating formation techniques have limited applicability. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Phosphate glasses meet several material requirements for integrated optics applications. Due to the high solubility of its glass matrix it can accommodate high concentrations of rare earth ions (Er þ , Yb þ ) homogeneously, i.e., without forming aggregates and thus keeping scattering at a low level. 1, 2 The typical rare earth ion concentrations that can be achieved without clustering are 10-20 times higher than in silicate glasses. This feature is important because Er/Yb codoped glasses can transfer 980 nm pump photon energy into the 1550 nm emission band with a long upper state lifetime, 10 ms compared to nanoseconds in semiconductors. This makes Er/Yb doped glass fiber and waveguide lasers more favorable than semiconductor lasers in telecommunication applications, 3, 4 and the emission line widths of such lasers can be as narrow as 10 kHz (Ref. 5 ). The higher concentrations of active material (the rare earth ions) that can be achieved in phosphate glasses provide more gain per unit length and thus allow compact device sizes and high power output. In addition, phosphate glasses have low optical loss in the near infrared and can also be modified by ionexchange to form waveguides. 2, 6 In order to fabricate a waveguide laser in a glass substrate, a pair of low loss narrowband reflectors must be created to form a laser cavity. The best way to do this is to use volume refractive index gratings, a well-developed technique in certain types of silica glasses. 7, 8 However, in phosphate glasses the standard method of making gratings with UV exposure through a diffractive phase mask does not work well because this glass does not contain photosensitive molecules. 9, 10 While gratings have been successfully produced by a related thermally assisted UV irradiation process, 11, 12 the index modulation amplitudes of the gratings remained small.
Here, we present work that investigates the possibility of achieving a relatively large periodic modulation in both the real and imaginary parts of the phosphate glass bulk permittivity by means of dissolved and partially clustered silver nanoparticles inside the glass matrix. We used ion-exchange to introduce silver into the glass, precipitated some of it into clusters and then used field assisted bleaching with a patterned electrode to locally bleach the nanoparticles and hence to modify the complex permittivity of the material.
Field assisted bleaching of soda-lime glass doped with silver clusters has been known since 2004, 13, 14 and later observed in other types of silicate-based glasses such as solgel, borosilicate N-BK7, K8, and VO73. [15] [16] [17] Furthermore, other embedded nanoparticles such as gold and copper were successfully dissolved with high electric fields [15] [16] [17] [18] [19] [20] [21] in those glasses. We report on similar effects and the conditions required for observing them in a silica-free phosphate glass especially designed for integrated optics applications, in particular waveguide and waveguide laser fabrication.
II. EXPERIMENTAL PROCEDURE LEADING TO SILVER CLUSTERING IN PHOSPHATE GLASS
A. Ion-exchange, annealing in air followed by annealing in H 2
The glass substrate used is an active (Er/Yb doped) IOG-1 phosphate glass from Schott Glass Technologies Inc., with a mol. % composition of 60% P 2 silver-film ion-exchange technique, also known as fieldassisted ion diffusion and electromigration (see Refs. [23] [24] [25] for descriptions of these techniques). The goal in preparing the sample is to optimize the size distribution of silver clusters embedded in the glass matrix, i.e., the mean value of the cluster diameter and its standard deviation that leads to the strongest plasmon resonance.
The sample was first prepared by depositing silver films on both sides of a 1.5 mm thick IOG-1 phosphate glass, 400 nm of Ag on the side towards the positive electrode (top side, the side where ion-exchange will take place), and 100 nm on the side towards the negative electrode (bottom side). The silver film on the bottom side of the glass is only used to ensure a good electrical contact with the electrode during ion-exchange. Upon heating with the imposition of a high voltage between the electrodes, silver ions from the top side diffuse into the substrate by ion-exchange, replacing sodium ions that move towards the negative bottom electrode. An ion-exchanged layer results under the top surface, with sodium accumulating on the bottom side. Depositions on both sides of the sample were performed individually by Ebeam evaporation using a Balzers BA 510 system. The deposited thickness of the silver film is controlled by the duration of the process, as calibrated beforehand on dummy samples.
For the ion-exchange process, the sample was sandwiched between two 10 cm diameter circular polished aluminum electrodes weighting 1.7 kg each. The pressure from the top electrode ensured good electrical contact between the electrodes and the silver films on both sides of the sample. The sample assembly with electrodes was placed in an oven and kept at 95
C with an applied DC voltage of 380 V for 28 h. This unusually long lasting ion-exchange is needed in our case for the precipitation of enough silver in the form of clusters. After this period, the oven was turned off to let the ion-exchanged glass cool down to room temperature over 4-5 h with the DC voltage kept on. Then the DC voltage was switched off, the electrodes removed, any remaining silver film dissolved chemically by immersion in a cleaning solution made up of 6 parts of deionized water (DI), 1 part of 30% ammonium hydroxide (NH 4 OH), and 1 part of 30% hydrogen peroxide (H 2 O 2 ). Then the sample was annealed in air at 300 C for 7 h to allow silver to diffuse and homogenize further down under the glass surface. Finally, the sample was annealed a second time but in a H 2 atmosphere in the furnace with a constant hydrogen flow to ensure 100% hydrogen concentration at 400 C for 30 min followed by 4 h at 430 C. These particular conditions were chosen (after several trials, some of which are described below) to obtain a large absorption peak in the processed glass at the wavelengths of the plasmon resonance while maximizing the bleaching caused by poling. During annealing in H 2 , it was observed that silver atoms precipitate on the top side of the glass surface (where the positive electrode was located), forming a shiny metallic silver layer. It is assumed that the silver ions nearest to the surface capture an electron from the H 2 gas and neutralize into a smooth layer of pure Ag 0 (see Ref. 26 ), thereby leaving room in the glass for other ions to diffuse back towards the top surface. Reduction of silver ions to metallic (neutral) silver atoms takes place according to the chemical reaction
It was observed in separate experiments that such precipitation does not occur in silver ion-exchanged silicate glasses (such as microscope slide glass). Silver precipitation on the surface is an undesired effect that lowers the amount of silver available inside the glass for cluster formation. The precipitation of silver out of the glass is thought to be one of the reasons why the ion-exchange process has to be prolonged from 1.5-2 h (typical for silicate type glasses 27 ) to 20-40 h for phosphate glass in order to keep enough silver in the glass to get significant clustering. Finally, the glass surfaces were cleaned in a cleaning solution to remove the precipitated silver from the surface and any residue on the other side. The final appearance of the initially transparent samples was yellowish, thus confirming visually the formation of nanoscale metal clusters inside the glass. Fig. 1(a) shows the final absorbance spectrum of this sample, measured with a Cary 3 UV-Visible spectrophotometer in the range from 300 to 900 nm. The absorbance was not corrected for reflection off the sample faces.
B. Influence of ion-exchange time and temperature
The conditions described above were chosen following several tests to be described presently. One set of samples was prepared with ion-exchange durations from 22 h up to 64 h under the same remaining parameters: T ¼ 95 C and V ¼ 350 V, followed by annealing in air at T ¼ 300 C for t ¼ 6 h, then reduction in H 2 at T ¼ 400 C for t ¼ 1.5 h followed by a ramping temperature to 430 C, which was kept for 3 h ( C, t ¼ 6 h, and reduction in H 2 : T ¼ 400 C, t ¼ 1.5 h followed by T ¼ 430 C, t ¼ 3 h (Fig. 3 ).
C. Influence of anneal conditions
Samples with different times and temperatures of annealing in H 2 are shown in Fig. 4 , with other parameters fixed (ion-exchange:
Finally, the effect of the air anneal was explored in the following conditions: ionexchange T ¼ 105 C, t ¼ 45 h, V ¼ 400 V, annealing in H 2 : T ¼ 400 C, t ¼ 30 min followed by T ¼ 430 C, t ¼ 4 h. For the 400 C cases, it was found that a second step at 430 C was necessary to increase the absorption peak to useful levels while still allowing for their subsequent bleaching. Those results are shown in Fig. 5 .
D. Discussion of the clustering results
All the samples have a single well-defined peak centered near 410 nm, with absorbances often exceeding 6 (the limit of our measurement system), and no other notable spectral features between 300 and 900 nm. The 410 nm peak is known to correspond to a localized plasmon resonance of nanoscale silver aggregates in glass, 14, 26 and this was verified by Transmission Electron Microscope (TEM) image of cleaved slivers from the sample shown in the inset of Fig. 1 . That image reveals the presence of rounded silver clusters with diameters near 20-30 nm. The plasmon peak increases with ion-exchange time or temperature, likely because such increases lead to larger amounts of silver ions being introduced in the glass. Results further indicate that it is not beneficial to increase temperature of annealing in H 2 beyond 400 C, otherwise the plasmon peak starts to decrease and shift towards longer wavelengths (corresponding to smaller 
densities of larger clusters). Finally, the absorption spectra for different time-temperature pairs the annealing in air show that temperature has a strong effect but not so much time, in the range studied. In summary, by properly adjusting the parameters of the three phases of the clustering processes (ion-exchange, annealing in air, and annealing in H 2 ) the shape of the induced absorption can be controlled, namely, the height, width, and to a certain extent, position of the plasmon resonance peak. This was more or less expected and led us to the conditions necessary to prepare samples with the largest possible concentration of silver clusters, to be used in bleaching experiments. Such sample is shown in Fig. 6 (ion-exchange:
III. HIGH VOLTAGE BLEACHING OF THE SILVER CLUSTER PLASMON ABSORPTION PEAK
A. Field-assisted dissolution of silver clusters
Metal clusters can be fully or partially dissolved if a glass sample containing such clusters is subjected to high voltage electric field at an elevated temperature. 13, 14 The cluster dissolution process starts with electron tunneling through the metal-dielectric barrier which leads to atomic silver ionization and in turn to a silver ion leaving the cluster. It was shown that tunneling sharply depends on distance between clusters and therefore on their filling factor, as well as on the temperature and voltage applied.
14 Full cluster dissolution is achieved when the glass becomes transparent again, or "bleached." This is shown in Fig. 6 , with bleaching conditions determined from Figs. 8(a) and 8(b) and the same electrode configuration (without the deposited silver films) that was used for the ion-exchange. These results show that the phosphate glass host does not behave differently compared to silicate glasses for the high voltage dissolution process.
It is therefore possible to dissolve the clusters locally if a patterned electrode is used, as was shown in Refs. 28 and 29. In particular, since electron tunneling strongly depends on the voltage applied, there is a threshold voltage that triggers the clusters dissolution. Therefore, a periodically corrugated anode may lead to a potential modulation around the threshold voltage over a certain region of the glass and thus to a spatially modulated dissolution. Our goal is to investigate how deeply such periodic modulation of the dissolution reaches under the surface and hence to investigate the possibility of making volume gratings of complex permittivity (refractive index and absorption).
An n-type silicon wafer was patterned with a periodic array of rectangular grooves made by anisotropic plasma etching ( Fig. 7(a) ). The grating period was 7.4 lm and the groove depth 5.7 lm. The patterned wafer was placed groove side down on the glass surface containing the silver clusters and then the wafer-glass pair was pressed between two stainless electrodes with the wafer on the positive electrode side. The whole assembly was placed in the oven. When the temperature in the oven reached 120-140 C, the voltage was increased in steps of 100 V every 15 min up until reaching the 1.3-1.8 kV levels. It was found that such gradual voltage increase is necessary to prevent the excessive current that otherwise would permanently damage the glass sample if the high voltage was applied instantaneously.
The side view SEM images shown in Fig. 7 also reveal that a surface relief pattern remains after the bleaching process, as was previously observed when a microstructured anode was used to pattern the dissolution of a silicate glassmetal nanocomposite sample. 28, 29 It was shown in Refs. 28 and 29 that the spatial relief appearing on the surface of soda-lime glass results from internal mechanical stresses; they alter the volume of the glass because the top surface of the sample is free to expand and contract. The stresses arise as a result of the ionization of Ag 0 atoms since the Ag þ ion occupies a smaller volume and also as a result of the replacement of larger ions such as Na þ , Ca 2þ , and Ag þ by smaller H þ ions that penetrate under the surface from the air environment. The local change in the volume is stronger in the region of direct contact between the glass surface and the protruded part of the corrugated electrode. The field-assisted dissolution of silver clusters in phosphate glass matrix used here results in similar surface relief but its depth is estimated to be $300 nm, almost 10 times larger than reported in Refs. 14 and 15. This difference is likely due to the fact that the periodicity of our electrodes is also about one order of magnitude larger than in those references (thereby allowing more space between the electrodes and more volume of glass impacted by the high voltage). Also for IOG-1 glass the surface relief is expected to be more pronounced because its elastic modulus is smaller, 61 GPa, versus 68 GPa for a typical silicate glass.
Figures 8(a) and 8(b) present the evolution of the electrical properties of the glass sample, bleached with the patterned electrode with a period of 8 lm. The absorption of this sample measured after the bleaching process was presented in Fig. 6 . Following each voltage increment the current experienced a sudden increase, but beginning at the 5th increment this increase was followed by a relatively slow decay until the next voltage step increase. When the voltage reached its maximum value of 1800 V the peak current reached 90 lA then monotonically decayed. After 5 h of treatment, the decay rate increased because the oven was turned off and sample started cooling, thereby decreasing the ionic conductivity of the glass. After 9.4 h the voltage started to drop off with a rate of 1 V/s and reached zero at 10 h. For comparison, the bleaching dynamics of a silicate glass sample containing silver clusters is shown in Figures 8(c) and  8(d) where the current decay after each voltage increment is more pronounced and the overall current value is larger (with the same electrode area in both cases). So while the conductivity of the phosphate glass is significantly lower than that of the comparative silicate glass, the overall effect of bleaching is similar. (The lower conductivity also helps to explain the need for much longer exchange times to diffuse enough silver in the phosphate glasses). For reference, the silicate glass sample was prepared as follows: 1 h. of ionexchange at 130 C and 400 V, 6 h 30 min of annealing in air at 300 C and finally annealing in hydrogen at 400 C for 30 min ramped to 430 C for 4 h.
B. EDX sample measurements and observations
Relative concentrations of the local chemical content of the sample were determined at several locations of the patterned samples by a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectrum analyzer (EDX). This allows the identification of the chemical compounds and the measurement of their concentration within a depth of about 1 lm, with a lateral accuracy also of the order of 1 lm. The theoretical detection limit of the EDX measurements is 0.08 wt. % while in practice the limit is estimated to 0.1 wt. % according to Ref. 30 .
Performing measurements in the various locations indicated in Fig. 9 reveal the concentration changes across the sample and therefore the magnitude of the permittivity grating contrast. In order to evaluate the reach of the permittivity modulation under the sample surface, additional measurements were carried out on the sample after removing the topmost $4 lm of the sample by polishing.
The thickness of material removed by polishing (x 1 ¼ 4 lm) was derived from the 4 measurements made on the single sample by solving 4 equations with 4 unknowns: the surface concentrations A 1 and A 2 in the bleached and unbleached regions, respectively, the exponential decay length d, and the depth removed by polishing x 1 (as shown in Fig. 9 ). This derivation assumes that the Ag concentration follows a decaying exponential, as reported in Ref. 14.
The atomic silver concentration measurements at the four spots shown in Fig. 9 are given as weight fractions. The values at points 1, 2, 3, 4 are 0.0714, 0.0883, 0.0237, 0.0211, respectively. If we assume that the depth profile of the concentration of atomic silver in the bleached and unbleached regions is identical apart from a different amplitude factor, each pair of points can be used to fit a simple exponentially decaying function from the surface, and, respectively, for the bleached and unbleached regions. Given the height difference observed on the SEM pictures of the sample crosssection (300 nm), the fits have 4 unknowns, A 1 , A 2 , d, and x 1 (where x 1 is the thickness that was removed by polishing). With this approach the thickness that was polished away was found to be 4 lm, and the estimated penetration depth d was 3 lm. A representative SEM image of the glass sample and corresponding EDX spectroscopy results at the point number 4 in Fig. 9 is shown in Fig. 10 .
C. Calculation of the complex permittivity grating by the Maxwell-Garnett mixing formula
The effective complex permittivity of a medium that has two components, a host medium and spherical particle inclusions, is described by the Maxwell-Garnett mixing formula as
where e h is the dielectric constant of the host medium, e i is the dielectric constant of particles embedded in the host medium, and f is the volume density of the embedded particles in the mixed medium. We used the particular form of the Maxwell-Garnett mixing formula for particles of spherical shapes, based on the results of TEM imaging, and this formula is valid regardless of the sizes of the particles as long as that the size of each particle is much smaller than wavelength of the incident light, which is clearly the case here. The polarizability of the particles is assumed to be electrostatic. In order to use this formula, the weight fractions f m of silver particles obtained by EDX at specified points 1-4 (in Fig. 9 ) are converted to volume fractions f v (with the same assumption about exponential decay from the surface as before) through the following expression At a wavelength of 1534 nm, this formula yields a glass refractive index of 1.5235.
For the permittivity of metal inclusions, we use the size dependent dielectric constant for silver based on the Drude model and a size dependent mean free path given by 34 e Ag x; r ð Fig. 11 . The peak values are 0.01 and 0.02 for the real and imaginary parts, respectively, and they decay away from the resonance wavelength. For near infrared wavelengths around 1550 nm, the values are 1.7 Â 10 À3 and 1.3 Â 10 À5 for the real and imaginary parts of the index modulation. Further down into the sample, these fits predict that the real index modulation 10 lm below the surface is still as large as 2.6 Â 10 À4 at 1550 nm, more than sufficient to fabricate high reflectivity Bragg gratings (this index modulation gives a reflectivity 99.9% for grating lengths of 10 mm and more if the grating periodicity can be reduced to near 1 lm). Of course, these numerical estimates depend on the validity of the various assumptions made in deriving them, namely, the exponential shape of the ion-exchanged Ag distribution under the surface, the Drude model for the dispersion of the permittivity of the Ag clusters, and the Maxwell-Garnett effective medium theory. These assumptions and models are widely used and validated for similar configurations
In order to further visualize the two-dimensional structure of the index modulation pattern resulting from the corrugated electrode, electrostatic calculations of the voltage were performed using conformal mapping techniques. 38 Figure 12(a) shows how the initially rectangular voltage distributions rapidly washes out with distance from the surface. Actually, a section of Fig. 12 (a) at a depth of 4 lm in the sample, shown in Fig. 12(b) , indicates that the peak-to-peak voltage modulation at this depth is less than 5 V, while experimental results show a silver colloid volume fraction of about 10%. This supports the hypothesis 13, 14, 21 that field-assisted bleaching is highly nonlinear with imposed voltage and may in fact be driven by a threshold process.
The real part of the index modulation under the sample surface is one order of magnitude larger than the best results obtained in phosphate glasses by UV-induced photosensitive processes 12 but the simultaneous formation of a significant absorption grating may prove detrimental to most applications of these kinds of gratings (as frequency selective mirrors for waveguide lasers for instance in Ref. 39 ). However, the periodic modulation of the concentration of silver clusters in rare-earth doped phosphate glasses may find new applications associated with enhancement of the pump or signal electromagnetic fields due to plasmonic excitations around the metal nanoparticles. 
IV. CONCLUSIONS
In conclusion, we have investigated the formation of a complex permittivity volume grating in phosphate glass doped with silver nanoclusters formed by ion-exchanged followed by hydrogenation and bleaching with a periodically modulated electric field. The main findings include the fact that the conditions required for the formation of the silver nanoclusters were significantly different from those of the well studied silica glasses. In particular, because solubility of Ag (as well as Er and Yb) in phosphate glass, due to properties of its matrix, is grater than in silica based glass much longer (by an order of magnitude) ion-exchange times are required to achieve insoluble residue and form the Ag clusters. Another difference is the migration of silver ions towards the top surface and the reformation of a thin atomic silver layer there during the thermal annealing in hydrogen. On the other hand, the conditions of the high voltage bleaching process that is used to dissolve the silver nanoclusters were found to be identical to those used in silica glasses.
Based on these findings, an attempt has been made to build a volume grating in the IOG-1 phosphate glass by field assisted bleaching of silver clusters with a periodically corrugated electrode. While the lateral modulation amplitude of the DC voltage at a depth of under the surface was calculated to be relatively small (of the order of a few volts, relative to an imposed total voltage difference of 1800 V between the top and bottom of the sample), a significant modulation of the material properties was obtained. Since the electron and ion tunneling current from nanoclusters depend exponentially on the imposed potential difference, even a weak modulation of the voltage can induce a moderate modulation of tunneling current and of the corresponding bleaching of the nanoparticles. Based on concentration measurements by EDX, modeling by the Maxwell-Garnett theory and Drude model for silver, extrapolated to near infrared wavelengths, an indirect estimation of the distribution of refractive index generated by a periodic bleaching electrode (period of 10 lm) showed that the real part of the index had a modulation amplitude of 1.7 Â 10 À3 at a depth of 4 lm under the surface and still as much as 2.6 Â 10 À4 at 10 lm below the surface, for optical wavelengths near 1550 nm. In the middle of the glass layer studied, i.e., near 4 lm, the imaginary part of the complex refractive index was estimated to be of the order of 10
À5
, which corresponds to a loss of about 1 cm À1 at 1550 nm. While this loss is quite large and may prevent practical uses of these gratings in applications such as waveguide lasers, the presence of a periodic array of metal nanoparticles may find other applications in plasmonics and nonlinear optics. In particular, the presence of metallic silver enhances Kerr-type nonlinearities and furthermore, imposing a large DC field during bleaching has the effect of breaking the inversion symmetry of glass and inducing a second-order nonlinearity by a process called poling. The second harmonic generation efficiency of poled IOG-1 glass was studied in Ref. 40 . Finally, in rare-earth phosphate glass, periodic bleaching also could lead to periodic energy transfer from silver to erbium and ytterbium as discussed in Refs. 41 and 42 for other glass systems.
